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ABSTRACT 


Conventional  laser  Doppler  velocimeters  (LDV)  detect  velocity 
by  heterodyning  scattered,  Doppler  shifted  radiation  with  unscattered, 
reference  radiation.  A  new  dual- scatter  LDV  technique  is  described 
which  simultaneously  illuminates  a  moving  scatterer  from  two  different 
directions  and  heterodynes  the  two  superimposed  radiations  simultane¬ 
ously  scattered  in  a  common  direction.  Significant  advantages  are 
derived  from  the  fact  that  the  Doppler  difference  frequency  thus  obtained 
is  independent  of  the  scattered  direction,  permitting  unusually  large 
quantities  of  scattering  radiation  to  be  collected  without  adversely 
affecting  the  signal  frequency  dispersion;  these  advantages  include 
enhanced  signal -to -noise  performance  and  a  capability  to  measure  fluid 
flows  with  unusually  high  velocity  and /  or  low  seed  density.  System 
performance,  experimental  verifications,  and  typical  system  designs 
are  presented. 
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SECTION  I 
INTRODUCTION 


A  laser  Doppler  velocimeter  (LDV)  is  an  instrument  that  employs 
optical  heterodyne  techniques  to  measure  the  velocity  of  moving  solids, 
liquids,  or  gases  without  perturbing  the  velocity  being  detected.  Most 
of  the  numerous  LDVs  developed  to  date  (Refs.  1  and  2)  are  of  the 
reference  beam  type  and  detect  velocity  by  heterodyning  Doppler  shifted 
scatter  or  reflected  laser  radiation  with  unscattered,  reference  radia¬ 
tion.  Such  devices  can  be  used  to  accurately  measure  rapidly  fluctuating 
velocities  ranging  from  less  than  1  cm/sec  to  thousands  of  feet  per 
second. 

This  report  discusses  a  newly  developed  crossed-laser-beams, 
dual-scatter  LDV  technique  which  was  conceived  and  has  been  under 
development  for  more  than  two  years  at  AEDC.  Similar  or  related 
dual-scatter  techniques  are  concurrently  being  developed  elsewhere 
(Refs.  3  through  6).  Dual  scatter  implies  that  a  reference  beam  is  not 
employed,  but  that  two  different  scattered  radiations  are  heterodyned 
to  detect  velocity.  There  exists  a  single  illuminating  beam,  output 
aligned,  dual-scatter,  LDV  technique  (Refs.  1  and  3)  which,  in  almost 
all  respects,  performs  similarly  (Ref.  1)  to  the  dual -scatter  LDV  which 
is  discussed  here. 

The  basic  principles  of  the  dual -scatter  LDV  will  be  described  by 
a  fringe  formation  approach  which  is  easily  understood  and  readily  pro¬ 
vides  a  basic  understanding  of  the  system  performance  parameters. 
There  exists  an  alternate  approach  (Ref.  1)  which  involves  calculation 
of  the  Doppler  frequency  shifts  of  two  radiations  simultaneously 
scattered  from  a  common  source,  in  a  common  direction,  and  from 
two  different  illuminating  beams;  the  Doppler  difference  frequency  can 
then  be  shown  to  be  constant  and  independent  of  the  viewing  direction. 
However,  with  the  latter  approach,  one  cannot  as  readily  describe  how 
various  parameters  affect  the  overall  system  performance. 

The  objectives  of  this  report  are  (1)  to  present  an  easily  under¬ 
standable  explanation  of  the  crossed-laser-beams,  dual-scatter  LDV  in 
such  a  way  that  (2)  the  performance  characteristics  of  this  system 
evolve  from  the  discussion,  (3)  to  provide  experimental  evidence  that 
the  predicted  performance  characteristics  are  correct,  and  (4)  to  dis¬ 
cuss  the  performance  relative  to  reference  beam  LDV  systems. 

Although  the  dual-scatter  LDV  technique  presented  has  been  successfully 
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employed  in  a  number  of  different  applications  (Ref.  1),  these  are  not 
discussed  here  because  they  are  beyond  the  scope  of  this  report. 


SECTION  II 

FRINGE  FORMATION  AND  VELOCITY  COMPONENT  DETECTION 


The  dual-scatter  LDV  optical  system  is  shown  in  Fig.  1  (Appendix). 
Two  quasi-monochromatic  plane  polarized,  collimated,  TEMgg  (Gaus¬ 
sian)  laser  beams  of  approximately  1-mm  diameter  are  caused  to  focus 
to  a  common  point  (0,  0,  0)  in  the  test  region  by  a  set  of  self-aligning 
illuminating  optics  similar  to  those  previously  used  with  a  crossed- 
beam,  reference  beam  velocimeter  (Ref.  7).  These  optics  consist  of 
two  1-in.  -thick,  plane  parallel  glass  blocks  and  a  positive  collimating 
lens.  The  plane  parallel  blocks,  when  properly  coated,  cause  the 
collimated  beam  exiting  from  the  laser  to  split  into  two  equal  intensity 
collimated  output  beams  which  propagate  parallel  to  one  another.  The 
second  block  serves  to  increase  the  distance  separating  the  two  beams 
and  to  equalize  optical  path  lengths.  (To  produce  optical  interference 
effects,  equal  optical  path  lengths  may  or  may  not  be  required  depend¬ 
ing  on  the  laser  employed. )  A  positive  lens  will  focus  all  parallel  in¬ 
put  rays  to  a  common  point  (0,  0,  0)  and  will  maintain  equal  optical  path 
lengths.  The  two  beams  thus  converge  and  focus  to  (0,  0,  0)  such  that 
the  two  radiations  are  spatially  and  temporally  coherent  near  (0,  0,  0). 
Figure  lb  is  a  multiple  exposure  that  shows  the  self-aligning  illuminating 
optics  illuminated  by  a  laser. 

Each  laser  beam  will  focus  to  a  long,  narrow,  pencil-shaped 
diffraction  region  of  Gaussian  intensity  distribution  which  contains 
essentially  planar  phase  fronts  (Ref.  8),  as  indicated  in  Fig.  2a. 

Because  the  two  radiations  are  mutually  coherent  and  identically  pola¬ 
rized,  they  will  interfere  constructively  and  destructively  to  establish 
a  set  of  closely  spaced,  planar  interference  fringes  in  the  beam  cross¬ 
over  region.  Such  fringes,  shown  in  Fig.  2b,  consist  of  plane  parallel 
regions  of  maximum  and  minimum  illuminating  intensity  caused  by 
constructive  and  destructive  interference,  respectively,  of  the  two 
radiations. 

Figure  2b  indicates  the  means  by  which  these  bright  and  dark 
regions  or  interference  fringes  are  formed.  The  edge  view  of  the 
wave  crests  of  each  illuminating  beam  is  shown  as  lines  perpendicular 
to  the  beam  centerline,  such  that  adjacent  crests  are  separated  by  the 
wavelength,  A..  Planar  wave  crests  from  one  beam,  traveling  at  the 
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speed  of  light  and  parallel  to  the  beam  centerline,  remain  in  phase  with 
and  reinforce  wave  crests  of  the  other  beam  along  planes  =  y  constant. 
Such  planes  of  peak  illumination  or  bright  fringes  are  indicated  as  lines 
orthogonal  to  the  y  axis  of  Fig.  2b.  At  intermediate  points  between 
the  bright  fringes,  the  two  waves  remain  out  of  phase  as  they  propagate 
and  cancel  one  another  (a  positive  wave  crest  being  cancelled  by  a  nega¬ 
tive  crest  or  valley),  thus  forming  planes  of  minimum  illumination  or 
dark  fringes.  For  the  fringe  formation  discussion  to  be  entirely  correct, 
such  that  total  constructive  and  destructive  interference  effects  (bright 
and  dark  regions)  will  result,  it  must  be  assumed  that  the  two  radiations 
are  plane  polarized  in  a  common  direction  such  that  either  the  electric 
or  the  magnetic  field  vectors  of  the  two  radiations  are  parallel  in  the 
crossover  region  and  parallel  to  the  x  axis  of  Fig.  2b.  Such  a  condition 
is  achieved  by  illuminating  the  blocks  of  Fig.  la  with  a  plane  polarized 
laser  beam  with  its  polarization  plane  oriented  either  parallel  or  perpen¬ 
dicular  to  the  plane  of  incidence.  The  beam  crossover  region  thus  con¬ 
sists  of  an  alternating  series  of  plane  parallel  bright  and  dark  regions 
or  interference  fringes. 


An  inspection  of  Fig.  2b  will  reveal  that  any  two  adjacent  bright 
fringes  are  separated  by  a  distance 


Ay 


X 

2  sin  (6/2) 


(1) 


where  A  is  the  wavelength  and  0  is  the  angle  between  the  illuminating 
beams. 


Operation  of  the  velocimeter  is  typified  by  its  use  to  detect  the 
velocity  of  a  moving  semitransparent  medium  (e.  g. ,  smoke  seeded  air 
flow).  As  a  moving  scatter  center  passes  through  the  focal  region, 
near  (0,  0,  0),  it  will  intercept  the  previously  discussed  interference 
fringes,  and  the  illumination  level  it  experiences  will  alternate  from 
maximum  to  minimum  to  maximum  to  minimum,  repetitively.  Assume 
that  an  electro -optical  detection  scheme  is  now  established  such  as 
the  collecting  lens-pinhole-photomultiplier  tube  combination  of  Fig.  la 
which  collects  light  radiated  from  a  scatterer  near  (0,  0,  0)  and  displays 
an  electrical  signal  (e.  g. ,  photomultiplier  tube  current)  with  an  ampli¬ 
tude  that  varies  in  proportion  to  the  amount  of  light  collected.  As  a 
scatter  center  passes  through  the  probe  region  near  (0,  0,  0)  because  of 
the  presence  of  the  fringes,  it  will  alternately  scatter  and  then  not 
scatter,  repetitively,  light  into  the  detector  and  will  generate  an  alter¬ 
nating,  fluctuating,  detector  current  with  a  fluctuation  frequency  that 
will  be  proportional  to  the  rate  at  which  the  particle  intercepts  the 
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fringes,  that  is,  proportional  to  the  velocity  component  of  the  particle 
orthogonal  to  the  fringes  vy.  Equation  (1)  implies  that  vy  will  be 
given  by 


vy  2  sin  (0/2)  f° 


(2) 


where  fj}  is  the  frequency  of  the  detected  current. 

Thus,  a  simple  technique  to  detect  a  particular  velocity  component 
of  a  moving  semitransparent  medium  has  been  established.  The  tech¬ 
nique  senses  only  one  component  of  velocity:  namely,  that  component 
which  is  oriented  normal  to  the  interference  fringes. 

Note  that  the  detected  signal  frequency,  fjj1,  is  independent  of  the 
direction  in  which  scattered  light  is  collected  and  detected.  A  scat- 
terer  located  on  a  dark  fringe,  for  example,  would  not  scatter  light, 
regardless  of  the  viewing  direction.  Thus,  the  signal  strength  can  be 
increased  by  collecting  larger  quantities  of  scattered  light  by  increas¬ 
ing  the  collection  solid  angle,  and  such  increased  collection  will  not 
alter  the  characteristic  frequency  of  the  received  signal.  It  is  this 
fact  which  for  some  applications,  particularly  high  velocity  and/or 
low  seed  density,  render  the  dual-scatter  technique  potentially  more 
sensitive  and  thus  superior  to  reference  beam  heterodyning  techniques. 
When  reference  beam  heterodyning  is  employed,  the  detection  solid 
angle  of  scattered  radiation  must  be  limited  to  limit  frequency  broaden¬ 
ing  effects  (Refs.  1,  2,  and  7). 

Figure  3  contains  photographs  of  oscilloscope  displays  of  real¬ 
time  signal  currents  generated  when  single  particle  atmospheric  im¬ 
purity  constituents,  such  as  dust  normally  present  in  a  laboratory, 
passed  through  the  probe  volume.  The  particle  velocities  were  gene¬ 
rated  by  placing  the  velocimeter  approximately  3  ft  away  from  an 
exhaust  duct  with  the  probe  volume  fringes  oriented  approximately 
normal  to  the  local  velocity.  The  variations  in  the  data  of  Fig.  3  are 
caused  by  the  various  trajectories  that  a  scatter  center  can  follow  in 
passing  through  the  probe  volume  and  by  changes  in  the  beam  intensity 
ratio  and  the  beam  separation  distance  D  (Fig.  la). 

When  a  scatter  center  passes  approximately  through  the  center  of 
the  probe  volume,  i.  e.,  along  the  y  axis  of  Fig.  2b,  the  intensities  of 
the  two  illuminating  beams  are  identical  and  the  particle  intercepts 
fringes  of  infinite  contrast  ratio.  The  intensity  of  an  illuminating  beam 
is  obtained  in  Fig.  2b  by  projecting,  from  the  point  of  interest,  a  line 
parallel  to  the  beam  centerline  to  the  Gaussian  radial  intensity  distri¬ 
bution  curve  for  that  beam.  Thus,  for  y-axis  particle  trajectories. 
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one  would  expect  current  versus  time  displays  with  current  excursions 
returning  to  zero  amplitude  (corresponding  to  dark  fringe  particle 
positions)  and  with  peak  current  excursions  (corresponding  to  bright 
fringe  particle  positions)  varying  in  a  Gaussian  fashion  similar  to  the 
variation  of  the  individual  beam  intensities.  Such  trajectories  are 
evident  in  the  selected  random  data  of  Fig.  3a. 

On  the  displays  of  Fig.  3b,  particles  did  not  pass  very  close  to 
the  y  axis  (Fig.  2b)  and  thus  intercepted  fringes  of  finite  (noninfinite) 
contrast  ratio  because  of  the  unequal  values  of  the  beam  intensities 
experienced.  For  a  particle  trajectory  of  path  a-a'  of  Fig.  2b,  a  d-c 
level  increase  would  be  expected  with  very  little  signal  information  be¬ 
cause  of  the  dominance  of  beam  1,  beam  2  being  very  weak  at  the  center 
of  beam  1.  Then  an  increase  would  be  expected  in  a-c  signal  with  cur¬ 
rent  and  intensity  excursions  returning  approximately  to  zero  amplitude 
(beam  2  becoming  more  dominant  and  of  intensity  equal  to  that  of  beam  1). 
Finally,  when  centered  on  beam  2,  a  situation  similar  to  that  when 
centered  on  beam  1  would  be  expected.  Such  current  versus  time  dis¬ 
plays  are  evident  in  the  selected  random  data  of  Fig.  3b. 


SECTION  III 
PROBE  VOLUME 


The  system  will  have  excellent  spatial  resolution  as  each  laser 
beam  focuses  to  a  Gaussian  spot  of  (1/e2  intensity)  diameter  2bo  (see 
Figs.  1  and  2)  given  by  Ref.  (8) 


2b 


0  ' 


i  i  A  .  i  FA 

n  2b  it 


(3) 


where  2bQ  is  typically  0.06  mm  assuming  the  "f  number”  F  =  / (2b)  =  100, 

and  X  =  5  x  10 “4  mm. 


The  variables  of  Eq,  (3)  are  shown  in  F'igs.  1  and  2;  fL  is  the  focal 
length  of  the  beam  focusing  lens,  and  2b  is  the  (1/e2  intensity)  diameter 
of  the  input  laser  beam.  The  (x,  y,  z)  dimensions  of  the  beam  cross¬ 
over,  or  common  overlap,  region  are,  by  inspection  of  Fig.  2b 


Axd/e2)  =  2b0 
Ay(l/e2)  =  2bo/cos(0/2) 
AzU/e2)  =  2b/sin(0/2) 
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Signal  contributions  of  significant  amplitude  are  generated  by- 
scatter  centers  located  within  the  volume  of  the  beam  overlap  region 
which  has  these  maximum  dimensions.  For  a  l/e2  focal  spot  diam¬ 
eter  (Eq.  <3))  of  2b0  =  0.06  mm  and  6  =  11  deg,  these  dimensions  are 
Ax«  Ay  «  0. 06  mm  and  Az  »  0.  60  mm.  Outside  of  this  region  at  least 
one  of  the  beams  is  of  much  reduced  intensity  and  contributes  very 
little  to  the  formation  of  interference  fringes. 

A  more  qualitative  analysis  will  reveal  that  when  a  scatter  center 
is  located  on  the  ellipsoid 

x2  +  y2  cos2  (d/2)  +  z2  ain2  ( 9/2 )  =  bQ2  (5) 

the  signal  current  excursions  will  be  of  amplitude  1/e^  relative  to 
those  signal  current  excursions  which  would  exist  if  the  same  scatterer 
were  located  near  the  geometrical  center  of  the  probe  volume  (0,  0,  0). 
Similarly  when  on  the  ellipsoid 

x2  +  y2  coa2  (9/2)  +  z2  sin2  (0/2)  =  b02/2  ^ 

the  signal  current  excursions  will  be  of  1/e  relative  amplitude.  These 
ellipsoids  and  their  (y,  z)  dimensions  are  indicated  in  Fig.  2c.  The  x 
dimensions  of  the  1/e2  and  1/e  ellipsoids  (not  shown  in  Fig.  2c)  are 
Ax(l/e2)  =  2b0  and  Ax(l/e)  b0,  respectively.  Note  that  the  1/e2 
ellipsoid  passes  through  the  intersection  of  the  1/e2  intensity  profiles 
of  the  two  beams,  whereas  the  l/e  ellipsoid  is  tangent  to  the  l/e2 
intensity  profiles.  The  latter  is  evident  because  the  signal  current 
(excursion)  amplitude  varies  in  proportion  tovSjS2  where  Sj  and  S2 
are  the  local  intensities  of  the  two  illuminating  beams.  It  should  be 
noted  that  these  relative  signal  amplitude  ellipsoids  are  identical  to 
those  of  a  cross-beam,  reference  beam  velocimeter  (Ref.  7),  and 
thus  the  dual-scatter  technique  provides  spatial  resolution  identical  to 
that  of  a  practical  reference  beam  velocimeter. 

The  l/e2  =0.  135  relative  signal  amplitude  ellipsoid  will  be  chosen 
to  define  the  probe  volume  of  the  detection  system.  Thus  the  l/e2 
ellipsoid  probe  volume  encompasses  all  space  within  which  the  relative 
Doppler  signal  (excursion)  amplitude  is  at  least  l/e2  =  0. 135  of  the 
peak  signal  amplitude  existing  at  the  geometrical  center  of  the  probe 
volume  (0,  0,0).  The  volume  of  the  l/e2  ellipsoidal  probe  volume  is 

v  _  £  (2b0)3  =  8  /JLA_V  _  8fL  4*8 

3  sin  6  3i72sin0  \  b  /  37T2Db3  (7) 
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where  Eq.  (3)  was  first  substituted  for  b0  and  the  approximation 
sin  9  *  (D/ijJ  (see  Fig.  1)  was  then  employed.  The  variables  of 
Eq.  (7)  are  shown  in  Figs.  1  and  2. 

The  l/e^  probe  volume  can  be  made  as  small  as  5  x  10-*®  cm^ 
(for  fj^/b  =  20,  9  =  30  deg.  and  X  =  4.  88  x  10"^  cm)  with  a  practical 

self -aligning  optical  system. 

Note  for  small  6  such  that  sin  6  &  6  (radians)  and  cos  6  «  1,  the 
probe  volume  ellipsoid  is  of  circular  (x,  y)  cross  section.  Thus,  a 
diameter  and  length  dimension  sufficiently  describe  the  probe  volume. 


3.1  PROBE  VOLUME  MEASUREMENT 

Figures  4,  5a,  and  5b  present  data  that  experimentally  verify 
that  probe  volume  dimensions  can  be  achieved  which  are  very  dose  to 
the  theoretical  limit.  Figures  4  and  5a  contain  oscilloscope  displays 
of  the  real-time  Doppler  signals  caused  by  a  small  (approximately 
5-pm)  wire  passing  through  the  probe  volume  at  a  constant  velocity  of 
15.  7  in.  /sec.  The  wire  was  carefully  positioned  such  that  its  length 
dimension  was  parallel  to  the  fringes  (parallel  to  the  x  axis  of  Fig.  2) 
and  such  that  the  wire  velocity  was  orthogonal  to  the  fringes  and 
parallel  to  the  y  axis  of  Figs,  1  and  2.  The  trace  of  Fig.  4  was 
caused  by  a  wire  trajectory  approximately  through  the  center  of  the 
probe  volume  such  that  it  crossed  the  z  axis  at  z  «  0.  For  the  experi¬ 
mental  parameters  of  Fig.  4,  the  1/e2  ellipsoidal  probe  volume  diam¬ 
eter  has  a  theoretical  (Eqs.  (3)  and  (4))  diameter  of  Ax(l/e2)« 

Ay(l/e2)  =  0.022  in.  This  agrees  very  dosely  with  the  experimentally 
determined  value  (Fig.  4)  of  Ay(l/e2)  =  0.021  in. 

The  length  Az(l/e2)  of  the  probe  volume  was  obtained  using  the 
data  of  Fig.  5a,  which  is  plotted  in  Fig.  5b.  The  data  of  Fig.  5a  were 
recorded  (with  parameters  identical  to  those  of  Fig.  4)  by  successivdy 
increasing  the  z  position  of  the  traversing  wire  by  0.  1  in. ,  where  z' 

(Fig.  5)  «  z  (Figs.  1  and  2)  +  0.  48  in. ,  such  that  the  geometrical  center 
of  the  probe  volume  was  located  at  z'»  0.48  in.  The  data  were  restricted 
because  of  the  limited  z  traverse  capability  of  the  micrometer  traverse 
table  used.  For  the  data  of  Figs.  5a  and  b,  the  theoretically  and  experi¬ 
mentally  determined  probe  volume  length  dimensions  were  Az(l/e2)  = 

0.  956  and  1.00  in. ,  respectively,  which  again  agree  very  well. 
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3.2  NUMBER  OF  CYCLES  OF  FREQUENCY  INFORMATION 

A  knowledge  of  the  fringe  spacing  (Eq.  (1))  and  the  dimensions  of 
the  l/e^  relative  signal  amplitude  ellipsoid  (Fig.  2c  and  Eq.  (4))  allows 
one  to  predict  the  number  of  cycles  of  frequency  information,  N,  gene¬ 
rated  by  a  scatter  center  passing  through  the  center  of  the  probe  volume 
along  the  y  axis 

N(l/e2)  =  2b0  2  tan(0/2)A  =  ~  (8) 

where  N  is  the  number  of  cycles  between  1/e^  relative  signal  ampli¬ 
tude  points,  D  =  2fL  tan  0/2  (Fig.  la)  is  the  beam  spacing  ahead  of  the 
lens,  2b  is  the  beam  diameter  ahead  of  the  lens,  and  Eq.  (3)  has  been 
substituted  for  2b0.  Thus,  the  maximum  number  of  cycles  is  independ¬ 
ent  of  fL,  the  focal  length  of  the  beam  focusing  lens,  and  is  determined 
solely  by  the  ratio  of  the  input  beam  spacing  to  the  input  beam  diameter, 
D/2b. 

Modifying  the  illuminating  optics  to  provide  a  reduced  number  of 
cycles,  N,  will  obviously  reduce  the  velocity  measurement  accuracy. 
Also,  as  the  velocity  vector  is  rotated  from  orthogonal  to  the  fringes 
(parallel  to  the  y  axis)  to  an  orientation  parallel  to  the  fringes  (parallel 
to  the  y  =  0  plane),  the  number  of  cycles  N  will  obviously  approach  zero, 
as  in  the  limiting  case,  the  scatter  center  trajectory  will  be  parallel  to 
the  fringes  and  zero  cycles  of  frequency  information  must  result.  The 
latter  problem  is  not  peculiar  to  the  dual-scatter  LDV,  as  any  hetero¬ 
dyning  LDV  has  both  a  characteristic  probe  volume  of  finite  (x,  y,  z) 
dimensions  and  an  equivalent  set  of  probe  volume  fringes  which  cause 
the  device  to  be  velocity  component  selective.  Thus,  the  accuracy  of 
the  dual-scatter  LDV  is  seen  to  be  dependent  upon  the  orientation  of 
the  velocity  vector  relative  to  the  probe  volume  fringes,  and  such  a 
limitation  is  common  to  all  heterodyning  LDVs. 

The  experimental  data  of  Figs.  4  and  5  indicate  that  the  experi¬ 
mentally  and  theoretically  determined  maximum  number  of  cycles 
agree  quite  well.  A  sample  calculation  of  N  is  shown  in  Fig.  4. 


SECTION  IV 

SIGNAL-T0-N0ISE  PERFORMANCE 

4.1  EFFECT  OF  SCATTERING  DIRECTION 


The  chief  advantage  of  the  dual -scatter  LDV,  in  comparison  to 
reference  beam  heterodyning  LDVs,  is  derived  from  the  fact  that  the 
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detected  frequency  is  independent  of  the  scattering  direction.  This 
permits  very  large  solid  angles  of  scattered  light  to  be  collected, 
thereby  providing  enhanced  signal-to-noise  (S/N)  performance.  With 
conventional  reference  beam  heterodyning  LDVs,  the  collection  and 
alignment  of  scattered  light  must  be  severely  restricted  to  limit  the 
signal  frequency  broadening  effects  (Refs.  1,  2,  and  7). 

Figure  6  presents  experimental  data  which  demonstrate  that,  with 
relatively  light  seeding  conditions,  the  S/N  performance  of  a  dual- 
scatter  LDV  is  superior  to  that  of  a  reference  beam  LDV  employing 
similar  laser  power.  Both  sets  of  data  were  recorded  using  similar 
self-aligning  optical  systems  operating  in  a  small  angle  front-scatter 
mode.  The  reference  beam  data  were  high-pass  filtered  before  being 
displayed,  but  the  dual-scatter  were  not.  The  seed  density  (smoke 
generator  output)  was  adjusted  to  provide  just  enough  seeding  to  pro¬ 
duce  a  continuous  signal.  Both  spectrum  analyzer  traces  were  recorded 
on  a  Tektronix  IL20  spectrum  analyzer  set  on  "linear"  vertical  display. 
Both  signals  were  attenuated  at  various  levels  to  provide  presentable 
displays.  The  frequency  spread  of  the  dual-scatter  spectrum  analyzed 
signal  is  attributable  to  the  finite  number  of  cycles  generated  by  scat- 
terers  passing  through  the  probe  volume. 

The  comparative  signal-to-noise  performance  is  evident  in  the 
spectrum  analyzer  displays.  The  difference  between  the  base  line 
trace,  recorded  with  40-db  signal  attenuation,  and  the  minimum  attain¬ 
able  level  outside  of  the  signal  frequency  domain  is  representative  of  the 
shot  noise  caused  by  the  net  detector  input  radiation  power.  This  noise 
level  is  unmeasurably  low  for  the  dual-scatter  LDV,  but  it  comprises 
a  level  of  about  5  percent  of  the  peak  spectral  content  of  the  reference 
beam  system. 

4.2  EFFECT  OF  SEED  DENSITY 

As  the  smoke  generator  output  was  increased,  both  signal  ampli¬ 
tudes  increased.  The  reference  beam  noise  level  did  not  increase, 
however,  because  this  noise  is  determined  primarily  by  the  constant 
input  power  of  the  reference  beam  (see  Ref.  7,  for  example).  Thus 
the,  attenuated,  spectrum  analyzed  S/N  performance  of  the  reference 
beam  LDV  increased  to  an  unmeasurably  high  level  similar  to  that  of 
the  initial  dual-scatter  spectrum  analyzed  display.  The  dual-scatter 
noise  level,  however,  increased  at  a  much  faster  rate  than  did  its 
peak  (spectrum  analyzed)  signal  amplitude,  such  that  its  (attenuated) 
spectrum  analyzed  S/N  performance  decreased  to  a  level  comparable 
to  that  of  the  initial  reference  beam  spectrum  analyzed  display.  The 
dual-scatter  S/N  decreased  because: 
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1.  The  in-phase  signals  generated  by  many  scatter  centers 
will  add  only  if  adjacent  scatterers  are  separated  by  a 

y  distance  of  one  fringe  spacing.  Ay  =  (> / 2 ) / s in  (0/2). 

If,  for  example,  two  scatterers  are  separated  by  a 
y  distance  of  Ay/ 2,  the  two  signals  will  be  180  deg  out 
of  phase  and  will  cancel  one  another.  The  cross  - 
heterodyne  signals  will  mostly  be  negligible,  for  large 
solid  angle  scattered  collection,  because  two  radiations 
scattered  from  different  particles  will  generally  not  be 
aligned  to  within  a  fraction  of  a  wavelength  over  the 
collection  aperture  {Ref.  7).  A  more  qualitative 
analysis  will  reveal  that  ten  identical,  randomly  lo¬ 
cated  scatterers  will  generate  2.  3  times  as  much  sig¬ 
nal  amplitude  as  one  scatterer,  100  scatterers  will 
generate  7.  2  times  that  of  1,  1000  scatters  will 
generate  23  times  that  of  1,  and  so  on. 

2.  The  net  photodetector  direct  current  and  the  shot  noise 
power  will  (for  random  particle  locations)  increase  in 
direct  proportion  to  the  number  of  scatter  centers  in  the 
probe  volume.  Thus  m  scatterers  will  generate  m  times 
as  much  direct  current  and  shot  noise  power. 

For  these  reasons  the  dual-scatter  signal -to -noise  ratio  decreases 
with  increasing  seed  density  and  this  system  is  ideally  suited  for  low 
seed  conditions.  With  reference  beam  LDV  systems,  the  signal  ampli¬ 
tude  increases  for  reasons  similar  to  (1)  above,  where  cross¬ 
heterodyne  current  contributions  are  now  negligible  because  of  the 
dominance  of  the  reference  beam  power  at  the  photodetector,  the  in¬ 
creased  detector  radiation  power  attributable  to  many  scatterers  being 
negligibly  small.  Thus  the  reference  beam  LDV  is  ideally  suited  for 
high  seed  conditions,  although  for  low  velocity,  real-time  single  particle 
frequency  bursts  have  been  observed  with  a  20-mw  reference  beam  sys¬ 
tem  scattering  from  atmospheric  impurities. 


SECTION  V 

DUAL-SCATTER,  BACK-SCATTER  LDV 


A  dual-scatter,  back-scatter  LDV  used  at  the  AEDC  is  shown  in 
Fig.  7.  The  back-scattered  radiation,  dashed,  is  collimated  by  lens 
LI  and  passes  over  the  thin  (x- dimension)  blocks  B1  and  B2  before 
being  collected  (L2),  spatially  filtered  (PH),  and  detected  (PT).  This 
system  design  is  advantageous  because: 
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1.  The  optics,  with  exception  of  the  focusing  lens  (LI), 
can  be  mounted  to  a  small  mechanical  reference  frame 
such  that  once  adjusted  to  image  the  probe  region  P  onto 
pinhole  PH,  the  system  performance  will  be  insensitive 
to  mechanical  vibrations  and  movement  of  the  focusing 
lens  LI. 

2.  The  lens  LI  can  then  be  traversed  along  its  axis  to  vary 
the  location  of  the  probe  volume  P.  The  signal  strength 
will  not  deteriorate  because  of  small  off-axis  displace¬ 
ments  or  rotations  of  lens  LI. 

3.  The  probe  volume  may  easily  be  traversed  by  adding  a 
mirror  arrangement  between  lens  LI  and  lens  L2, 
thereby  allowing  independent  motion  of  lens  LI  with 
respect  to  the  remaining  hardware  of  the  velocimeter. 

It  is  shown  in  Fig.  7  that  only  lens  LI  determines  the 
location  of  the  probe  volume  P,  thereby  producing  a 
one-to-one  correspondence  between  lens  LI  and  probe 
volume  motion.  None,  one,  or  more  of  these  mirrors 
can  then  be  translated  with  lens  LI  to  move  the  meas¬ 
urement  point  P  in  one,  two,  or  three  orthogonal  direc¬ 
tions.  The  received  signal  will  not  deteriorate  because 
of  such  translations,  thus  permitting  the  probe  volume 
to  be  traversed  throughout  the  test  region. 

4.  Beam  expansion  and  refocusing  optics  can  be  used  in 
place  of  lens  LI  to  provide  a  more  efficient  system  with 
a  smaller  probe  volume  than  would  otherwise  be  attain¬ 
able  at  a  large  measuring  distance  (distance  from  com¬ 
pound  LI  element  to  P).  The  probe  volume  of  this  sys¬ 
tem  also  can  be  translated,  via  mirrors,  in  three 
orthogonal  directions. 

5.  The  system  is  readily  adaptable  to  the  measurement  of 
two  orthogonal  velocity  components  by  employing  differ¬ 
ent  blocks,  other  than  B1  and  B2,  that  cause  three  parallel 
illuminating  beams  to  exit  from  the  stationary  package 
(onto  LI).  All  of  the  previously  mentioned  advantages 
would  apply  also  to  the  two -component  system. 

6.  The  third  orthogonal  velocity  component  could  be  added 
by  splitting  off  a  small  portion  of  the  laser  power  and 
heterodyning  it  with  backscattered  radiation.  All  of  the 
previously  mentioned  advantages  would  apply  also  to  this 
three-component  system. 
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SECTION  VI 
CONCLUSIONS 


The  performance  of  a  new,  focused,  crossed- beam,  dual-scatter, 
laser  velocity  meter  (anemometer)  was  described  as  resulting  from 
the  establishment  of  stationary  interference  fringes  (Eqs.  (1)  and  (2), 
Figs,  1  and  2).  Velocity  information  is  obtained  by  recording  the  sig¬ 
nal  frequency  of  detected  radiation  scattered  from  impurity  particles 
passing  through  the  fringes  of  the  beam  crossover  region.  The  fre¬ 
quency  to  velocity  conversion  (Eq.  (2))  is  identical  to  that  of  a  crossed- 
beam  reference  beam  LDV  system,  and  the  system  is  sensitive  to  only 
that  velocity  component  orthogonal  to  the  fringes.  The  system  spatial 
resolution  is  identical  to  that  of  a  crossed-beam,  reference  beam  LDV 
(Eqs.  (3)  through  (7)  and  Figs.  2  through  5).  The  chief  advantage  of 
the  system  (in  comparison  to  front  scatter  reference  beam  LDVs)  is 
that  larger  quantities  of  scattered  radiation  can  be  collected,  thereby 
providing  increased  sensitivity  and  a  system  potentially  capable  of 
measuring  very  high  velocity  or  low  seed  density  fluid  flows.  A  dual¬ 
scatter,  back-scatter  LDV  unit  was  described. 
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APPENDIX 

ILLUSTRATIONS 
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Self-Aligning  Illuminating  Optics 


Bl,  B2  Plane  parallel  blocks 

LI  Focusing  lens 

L2  Collecting  lens 

(0,0,0)  Beam  crossover  region 

PH  Pinhole 

PM  Photomultiplier  tube 


a.  Schematic  of  Optical  Arrangement 
Fig.  1  Self-Aligning  Dual-Scatter  Optics 
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I  Optics  Illuminated  by  a  Laser 
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Interference  Fringes 


Gaussian  Intensity 
Distribution - 7 
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a.  Particles  Traversing  Near  Y  Axis,  Displaying  Scattered 
Intensity  versus  Position  Parallel  to  Y  Axis 
Fig.  3  Real-Time  Display  of  Particles  Troversing  Probe  Volume 
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b.  Particles  Traversing  Off  Y-Axis 
Fig.  3  Concluded 
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O 

Parameters:  A  -  6328  A 

2b  -  0.11  cm  (S.P.  Model  124  laser) 

f.  -  30  in. 

Li 

D  -  1.30  in. 

_3 

Horiz.  Display  -  0.2  x  10  sec/cm 

f 

Theoretical:  Ay  (1/e^)  =  ^  ^  co^~@/2  “  0,022 

N  =  -  =38.2  cycles 


Experimental : 


Wire  velocity  -  15.7 


in . 
sec 


o 

Ay  (1/e  )  -=  (Scope  Sweep  Speed) 

O 

(1/e  Distance  from  Photograph  above) 
(Wire  Velocity) 


Ay  (1/e2)  =  (o.2  x  10~3  (6.6  cm) 

(l5.7  =  0.021  in. 

\  sec  / 


N  =  37  cycles  Counted  from  Photograph  above 
Fig.  4  Comparison  betveen  Theoretical  and  Experimental  Probe  Volume  Diameter 
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Each  photograph  represents  the  Y  cross  section  with  successive 
increase  in  Z  direction  by  0.1  in. 


a.  Reol-Time  Display  of  Z-Axis  Doto  Points,  Showing  Scattering  Intensity 
versus  Position  along  Y  Axis 

Fig.  5  Experimental  Dota  for  Determination  of  Probe  Volume  Length 
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'  Experimental : 

Az(l/e)  -  0.785  -  0.135  -  0.650  in. 

Az<l/e2)  -  0.930  +  0.07  -  1.00  In. 

Theoretical:  (LDV  Parameters  Same  as  niose  of  Fig.  4): 

Az(l/e)  ■«  *y2bQ  /sin  (6/2)  -  0.676 
Az(l/e2)  -  2bQ/sin  (6/2)  -  0.956 

b.  Plot  of  Data  of  Fig.  5a  (Comparison  between  Theoretical  and  Experimental  Probe  Volume  Length) 

Fig.  5  Concluded 
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Spectrum 

Analyzed 

Data 


Real-Time 

Data 


>a  B  IT*  DO 


-  Plane  Parallel  Block 

-  Lens 

-  Mirror 

-  Probe  Volume 
PH  -  Pinhole 

PT  -  Photomultiplier  Tube 


Fig.  7  Dual-Scatter,  Back-Scatter  LDV  Optical  Arrangement 
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13.  ABSTRACT 

Conventional  laser  Doppler  velocimeters  (LDV)  detect  velocity  by 
heterodyning  scattered,  Doppler  shifted  radiation  with  unscattered, 
reference  radiation.  A  new  dual-scatter  LDV  technique  is  described 
which  simultaneously  illuminates  a  moving  scatterer  from  two  different 
directions  and  heterodynes  the  two  superimposed  radiations  simultaneously 
scattered  in  a  common  direction.  Significant  advantages  are  derived 
from-'  the  fact  that  the  Doppler  difference  frequency  thus  obtained  is 
independent  of  the  scattered  direction,  permitting  unusually  large 
quantities  of  scattering  radiation  to  be  collected  without  adversely 
affecting  the  signal  frequency  dispersion;  these  advantages  include 
enhanced  signal-to-noise  performance  and  a  capability  to  measure  fluid 
flows  with  unusually  high  velocity  and/or  low  seed  density.  System 
performance,  experimental  verifications,  and  typical  system  designs  are 
presented. 
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